Abstract: Double-chained surfactants with potential biocompatibility have been prepared in high yields by lysine acylation with four natural saturated fatty acids (C 6 to C 12 ) and with cis-undec-5-enoic acid. The surfactants were found to assemble into nanotubules in aqueous medium and, when mixed with a commercial cationic surfactant, to spontaneously form liposomes.
INTRODUCTION
Fatty-acid acylation is a widespread posttranslational modification of natural peptides and proteins aimed at different functional and structural biological purposes. [1] [2] [3] Thus, the increase of protein's lipophilicity conferred by fatty-acid acylation can, among other effects, (i) increase the protein's stability against proteolytic degradation, (ii) target the protein for certain intracellular compartments, and (iii) promote the protein's interaction and association with phospholipid bilayers in cell membranes. [1] [2] [3] [4] [5] [6] This latter feature of lipoproteins has been the driving force for N-fatty-acid acylation of antimicrobial peptide's N-terminal and=or lysine residues as a strategy to improve their antibiotic activity. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, the potential interest of N-acylation of proteinogenic amino acids with natural fatty acids to produce surface-active agents of gemini type has been little explored, despite the urgent need for new double-chain surfactants that are simultaneously efficient detergents with anti bacterial properties, biodegradable, and biocompatible. [17] A few authors have been devoted to amino acid-based surfactants since the 1980s, and their work has been a valuable contribution to the unveiling of the enormous potential of amino acid-and peptide-based surfactants. Some pioneer works are, for instance, those from Hidaka et al., who reported the interesting self-assembling properties of chiral N-(2-hydroxydodecyl) amino acids, [18] and from Imae et al., who have studied N-acyl derivatives of L-aspartic acid, L-glutamic acid, and b-Alanine using capric, lauric, miristic, palmitic, or stearic acid as the acyl component. [19] In the latter case, the authors have found interesting solution properties and morphologies for their amino acid amphiphiles, from gels to cylindrical or helical fibers and even vesicles, which opened new perspectives for biomedical applications of biocompatible surfactants. Over the past decade, Infante and coworkers have been devoted to the synthesis of amino acidbased single-chain, double-chain, and gemini surfactants through employment of several chemical and chemoenzymatic methodologies and characterized their self-aggregation, biodegradability, and toxicity properties. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Among the different types of lipoamino acids created and studied by these authors, those derived from basic amino acids such as arginine presented interesting properties because of their low toxicity, high biodegradability, and antimicrobial activity. [26] The same research group has also explored some lysine-derived surfactants, including N a ,N e -dioctanoyl-lysine, which performed significantly better than classical anionic surfactants in terms of ocular and skin irritancy, haemolytic activity, antimicrobial properties, and aquatic toxicity. [31] [32] [33] [34] [35] [36] The wide potentialities of lysine-based double-chain anionic amphiphiles as bio-and ecofriendly surfactants with prospective industrial interest prompted us to explore alternative methods for their preparation. Synthetic methodologies were developed to give high yields at a multigram scale and involve inexpensive, safe, simple, and high-yield experimental procedures, as these are key factors for a feasible industrial development of novel surfactants.
MATERIALS AND METHODS
L-lysine methyl ester di-hydrochloride and N-[(1H-benzotriazole-1-yl) (dimethylamino)methylene]-N-methylmethanaminium N-oxide tetrafluoroborate (TBTU) were from Bachem (Switzerland). The solvents were of pro analisi (p.a.) quality from Merck (Germany). Fatty acids and other chemicals were all from Sigma-Aldrich (Germany). The reaction progress was monitored by thin-layer chromatography (TLC) on aluminium plates covered by a 2.5-mm-thick layer of silica gel 60 F 254 (Merck).
Fatty acid coupling to L-lysine methyl ester was achieved by standard peptide chemistry methods, using TBTU as coupling agent to yield the desired di-acylation products 1a-e (Scheme 1i) that were easily isolated by acid-base liquid extraction. Compounds 1a-e were then submitted to saponification at room temperature with an aqueous methanolic solution of sodium hydroxide, from which the target anionic amphiphiles 2a-e (Scheme 1ii) were easily isolated. The structure and purity of all compounds were checked by 1 H NMR, 13 C NMR, and ESI-MS.
Compounds 1a-e
Lysine methyl ester hydrochloride (5.0 mmol) was added to a solution of the fatty acid (10.0 mmol) in dichloromethane (20 mL) and the mixture was stirred in an ice-water bath. After addition of N-ethyl-N,N 0 -diisopropylamine (DIEA, 20.0 mmol) and TBTU (10.0 mmol), the mixture was kept at 0 C for 2 h. The reaction was allowed to proceed at room temperature for 72 h, after which the solvent was evaporated and the oily residue dissolved in toluene (40 mL). This solution was washed three times with an aqueous solution of 5% HCl (20 mL of 10% HCl þ 20 mL of boiling water) and as many times with an aqueous solution of 15% Na 2 CO 3 (20 mL of 30% Na 2 CO 3 þ 20 mL of boiling water). The organic layer was then washed with boiling water (2 Â 15 mL), dried over anhydrous Na 2 SO 4 , and evaporated to dryness. The products were isolated as white solids and presented correct spectral data, as exemplified for 1d. 
Compounds 2a-e
To a stirred solution of 1a-e (6 mmol) in methanol (12 mL), the equivalent volume of 1M aqueous NaHO (6 mmol) was added, and the reaction allowed to proceed for 3 h at 0 C. In the case of compounds 2c and 2d, a white solid extensively precipitated and was collected by suction filtration, after which was rinsed with ice-cold water. In the remaining three cases, no extensive precipitation was observed, and the reaction mixtures were freeze-dried to yield the desired products as white solids that presented correct spectral data, as exemplified for 2d.
Sodium N,N 0 -Di-dodecanoyl Lysinate (2d) 
RESULTS AND DISCUSSION

Establishment of the Synthetic Method for Compounds 1a-e
The first synthetic approach to prepare lysine N a ,N e -diacyl derivatives 1a-e was based on the employment of N,N 0 -dicyclohexylcarbodiimide (DCCI) as coupling agent, as this is an inexpensive, mild, and safe acylation method. [37] The acylation reaction was tested using lauric (dodecanoic) acid as the acyl component, and a product was formed and isolated by column chromatography on silica.
1 H NMR and electrospray ionization mass spectrometry (ESI-MS) spectra of the product identified it as N,N 0 -dicyclohexyl-N-dodecylurea instead of the target compound (Scheme 2). N-Acylurea formation can become a serious problem in DCCI-mediated coupling when the attack of the nucleophile (lysine amino groups in our case) to the reactive O-acylisourea intermediate is sluggish. This favors the ON acyl migration that leads to the stable (i.e., unreactive) N-acylurea, decreasing or even zeroing the probability of obtaining the desired condensation product. [38] Attempts to Prepare 1d by DCCI-Mediated Coupling Lysine methyl ester hydrochloride (5.0 mmol) was added to a solution of the fatty acid (10.0 mmol) in dichloromethane (20 mL), and the mixture was stirred in an ice-water bath. After addition of DCCI (11.0 mmol), the mixture was kept at 0 C for 2 h. The reaction was allowed to proceed at room temperature for 24 h, after which a second portion of DCCI (5 mmol) was added. After 48 h, the solid fraction was removed by suction filtration and identified (TLC) as unreacted DCCI. The filtrate was evaporated to dryness and observed (TLC) to be composed by one major product and unreacted starting materials. This mixture was separated by column chromatography on silica using dichloromethane= acetone 10:1 (v=v) as eluant. The pure white waxy product was isolated and identified by 1 H NMR and ESI-MS. We then used TBTU, [39] a more efficient, yet more expensive, coupling agent than DCCI. TBTU-mediated coupling not only led to the Scheme 2. Formation of N,N 0 -dicyclohexyl-N-dodecanoylurea in the place of the desired condensation product when DCCI was used as coupling reagent.
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exclusive formation of target compounds 1a-e (Scheme 1i) in high yields but also enabled product isolation with high purity through acid-base extractions that are faster, easier, and cheaper than chromatographic techniques. Thus, unreacted starting materials and both the tetramethylurea and 1-hydroxybenzotriazole (HOBt) by-products were completely removed by washing the organic layer with 5% aqueous HCl followed by 15% aqueous Na 2 CO 3 , so that products 1a-e were easily isolated in high yield and purity by simply evaporating to dryness the resulting organic layer. In the course of the extractions, compounds 1a-e displayed surface-active properties that were easily dealt with. Therefore, toluene was used as the organic solvent, as others such as dichloromethane, ethyl acetate, hexane, or ethyl ether promoted the formation of intractable emulsions or the preferred localization of the compounds at the liquidliquid interface. Further, use of boiling aqueous solutions in the extractions was seen to avoid emulsification. These simple procedures led to excellent results up to a 5-gram synthesis of 1a-e. Infante and coworkers have previously synthesised similar N a ,N e -diacyl-lysine derivatives by addition of lysine sodium salt to the corresponding acyl chloride, followed by product precipitation with hydrochloric acid and a final recrystallization step to yield the final product with adequate purity. [32] This is indeed an efficient method, but our findings clearly show that TBTU-mediated synthesis of 1a-e is advantageous from all points of view, as it involves safer starting materials and milder reaction conditions and avoids recrystallizations.
As compared to cheaper coupling agents, even if carbodiimide-based coupling could be made to work (for instance, by addition of HOBt as auxiliary nucleophile), [40] it would most certainly require chromatographic purification steps to fully eliminate the remains of unreacted carbodiimide and its urea by-product. It could be argued that this problem would be solved by employment of the water-soluble carbodiimide (WSC) N-ethyl-N 0 -(3-dimethylaminopropyl)carbodiimide [41] that, together with its urea, can be removed by liquid-liquid extraction. However, the price of WSC is ca. four times higher than that of TBTU, which makes the latter a more attractive choice.
Preparation of Compounds 2a-e as Potentially Bio-and Ecofriendly Soaps
The lysine N a ,N e -diacyl derivatives 1a-e were saponified with sodium hydroxide in aqueous-methanolic medium (Scheme 1ii). The saponifications were carried out at 0 C with no excess alkali to avoid amino acid racemisation [42] and reached completion within 3 h. The higher-molecular-weight saturated products 2c and 2d readily precipitated from the reaction mixture and were simply isolated by suction filtration followed by extensive rinsing of the solid with ice-cold water.
As compounds 2a, 2b, and 2e did not precipitate under the conditions employed, their reaction mixtures were freeze dried to give the pure products. Once more, experimental procedures to obtain the target anionic amphiphiles 2a-e from their ester precursors 1a-e were fast, clean, inexpensive, and straightforward, leading to excellent results.
Self-assembly Properties of Lysine-Based Surfactants
Preliminary studies on the aqueous self-assembly of the newly synthesized anionic surfactants have revealed some very interesting features. The shortest chain 2a and the unsaturated 2e amphiphiles are soluble at room temperature, whereas 2b-d are insoluble. The surfactants alone in water do not form micellar solutions nor liposome dispersions, as is the case with conventional single-and double-chained compounds. Instead, they have a tendency to self-aggregate into large tubular structures or fibers, for which electrostatic interactions and hydrogen bonding play a key structural role. [43] In Fig. 1 , one can observe the type of micron-sized, flexible tubules formed by the unsaturated amphiphile, in a 0.5 wt% dispersion in water, as observed under a light microscope with differential interference contrast. Another technically very relevant property displayed by these amphiphiles is exemplified by compound 2d and can be seen in Fig. 2 . Upon mixing with a conventional cationic single-chained surfactant such as dodecyltrimethyl ammonium bromide, spontaneouly formed liposomes with high long-term stability can be obtained. [43] Such observations open up a possible application of these amphiphiles in the design of efficient encapsulation-based drug delivery systems. 
CONCLUSION
Ten lysine-based double-chained anionic surfactants have been prepared by a clean and straightforward two-step synthesis. The synthetic procedures were successfully carried out at up to a 5-g scale, leading to excellent yields and involving only simple and inexpensive compound isolation techniques, such as liquid-liquid extraction, freeze drying, or product precipitation. Physicochemical studies carried out on some of the anionic amphiphiles produced have shown that the neat compounds self-assemble in water into tubular aggregates but can also form stable unilamellar liposomes in binary mixtures. These properties are good indicators for the potential pharmaceutical interest of these compounds.
In conclusion, the double-chain anionic amphiphiles herein described, based on a proteinogenic amino acid and natural fatty acids, are promising candidates for the industrial development of novel surfactants with prospective biocompatibility, biodegradability, and versatility.
